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indomethacin rabbit rat heart fat pad lung rat stomach strip autoregulation adenosine triphosphate liver chick rectum • A variety of smooth muscle preparations respond to adenine nucleotides. The predominant response of mammalian intestinal smooth muscle to adenosine triphosphate (ATP) is relaxation (l). Adenyl compounds dilate most blood vessels (2), but they constrict pulmonary vessels (3) and isolated renal arteries (4) . Burnstock (5) has reported that ATP is the transmitter released from nonadrenergic inhibitory neurons in the gut, and he has proposed classifying such neurons as purinergic nerves. Dipyridamole potentiates the effects of both exogenously applied ATP and stimulation of nonadrenergic (purinergic) inhibitory fibers in guinea pig taenia coli (6) , whereas quinidine antagonizes these actions (l).
In the current study, ATP and adenosine diphosphate (ADP) acted as potent releasers of a prostaglandinlike substance from a wide variety of isolated perfused organs. These organs did not store prostaglandin; thus, release was a reflection of de novo synthesis (7) . However, the ability of the adenine nucleotides to release prostaglandin appeared to be unaffected by dipyridamole or quinidine (modifiers of purinergic neurotransmitter responses).
Methods
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RABBIT HEART PERFUSION
The heart was removed from the anesthetized rabbit, and the aorta was cannulated just superior to the aortic valves with a blunted 13-gauge needle. The beating heart was perfused at a constant flow rate (10 ml/min) with oxygenated (95% O 2 -5% CO 2 , 37°C) Krebs solution so that changes in perfusion pressure were indicative of alterations in vascular resistance contributed by the coronary vessels.
RAT LIVER PERFUSION
Krebs solution was pumped into the rat liver at 16 ml/ min through the portal vein, and the effluent emerged from a vena cava cannula and cascaded across the assay organs.
RAT LUNG PERFUSION
The pulmonary artery was cannulated through the right ventricle and perfused with Krebs solution at 4 ml/ min through the air-inflated lungs. The effluent from the pulmonary veins cascaded across the assay organs. An additional 4 ml/min of Krebs solution was delivered across the assay organs, which were therefore bathed with 8 ml/min of media.
SUPERFUSED ORGAN SYSTEMS
Isolated assay tissues (rat stomach strip and chick rectum) were superfused by the venous effluent from the isolated perfused organs (kidney, spleen, heart, etc.), according to the procedure of Vane (8) . The rat stomach strip and the chick rectum are particularly sensitive to prostaglandins. That the substances detected were most likely prostaglandins is based primarily on the specificity of the systems used for bioassay (9) but is reinforced by the disappearance of activity after treatment with indomethacin, a specific inhibitor of prostaglandin biosynthesis (10) . In addition, in the case of the splenic venous effluents, we had the opportunity to specifically verify the presence of prostaglandin in the E type by radioimmunoassay, and the results paralleled the response obtained with the specific assay organs and with the indomethacin inhibition (11) . Rat colon strips were also present in the superfusion, but we obtained no evidence for PGF 2( , release by any of the stimuli tested.
A mixture of antagonists was added to the superfusion fluid at 0.1 ml/min; they rendered the assay tissues insensitive to catecholamines, acetylcholine, serotonin, and histamine (8) . The antagonist reagent consisted of Krebs solution containing 1 mg of phenoxybenzamine, 1 20 mg of propranolol, 2 1 mg of hyoscine hydrobromide,2 mg of methysergide, 3 and 1 mg of diphenhydramine per 'Kindly supplied by Smith, Kline, and French. 2 Kindly supplied by Ayerst. 3 Kindly supplied by Sandoz. 100 ml. Indomethacin 4 (10 jug/min) was also superfused directly over the assay organs to eliminate the possibility that they released prostaglandin and also to enhance their sensitivity to prostaglandin (12) . Since indomethacin only has a limited aqueous solubility, a stock solution (10 mg/ml) was prepared in 95% ethanol. The stock solution was then diluted to 100 Mg/ml in Krebs-Henseleit solution (pH 7.4). This solution was kept on ice and perfused at 0.1 ml/min into the Krebs solution as it entered the perfused organs. Fresh aqueous indomethacin solutions were prepared every 3 hours. Substances were tested (as bolus injections) for their effect on the assay organs by adding the agent to the Dose-response curve of rat stomach strip and chick rectum to prostaglandin £2 (PGE2) standards and to A TP-induced release of prostaglandinlike substance (PLS). The top two curves illustrate an experiment in which increasing concentrations of PGE2 were added directly (DIR) to the Krebs-Henseleit solution as it superfused the assay organs. TK indicates that the A TP was injected through the kidney. Following infusion of indomethacin (10 ixg/min) into the kidney, the response to an injection of ATP througli the kidney was indistinguishable from the response produced by applying ATP directly to the assay tissues (not shown). The bottom two graphs show the plots obtained from the contractile data. The closed circles indicate the PGE2 standards, and the crosses represent the prostaglandinlike substance in the renal venous effluent following ATP injection through the kidney. perfusion fluid after it had passed through the perfused organ. The response of the perfused organ to the drug was determined by injecting the agent into the Krebs solution by way of an injection port just proximal to the arterial cannula. Changes in smooth muscle tension were measured with F-50 microdisplacement myographs (Physiographs).
The method used to calculate the quantity of prostaglandinlike substance released from the perfused organs by various agonists is illustrated in Figure 1 . These data were obtained from a kidney perfusion experiment in which the renal venous effluent superfused a rat stomach strip, a chick rectum, and a rat colon. Rat colon responses are not shown, since neither the PGE 2 standards nor the various agonists (direct or through the kidney) contracted the tissue. The contractile responses of a chick rectum and a rat stomach strip to increasing doses of PGE 2 applied as a bolus directly over the assay organs are compared with the responses induced by release of a prostaglandinlike substance by ATP injected as a bolus through the kidney (top two records, Fig. 1 ). The contractile response of each tissue was then plotted (Fig. 1) to facilitate comparison of ATP-induced release of prostaglandinlike substance to PGE 2 standards. The response of rat stomach strips to released prostaglandinlike substance was corrected for the contraction produced by ATP when it was directly tested over the assay organs. Indomethacin, which blocks prostaglandin biosynthesis, abolished renal release of prostaglandinlike substance but did not decrease the response to PGE 2 standards applied directly over the assay organs (not shown). In each experiment the assay organs were calibrated with prostaglandin 5 standards which were tested at the beginning and the end of the experiment, and the response to prostaglandinlike substance released from the perfused organ was compared with that to the standards; thus oath experiment served as its own control.
Results

RENAL PROSTAGLANDIN RELEASE
When ATP was injected into the kidney, the perfusion pressure increased slightly and there was an immediate release of prostaglandinlike substance as evidenced by contraction of the rat stomach strip and the chick rectum. The ATP-induced release of prostaglandinlike substance was calculated to be 24 ± 5 ng (N = 8, Table 1 from PGE 2 dose-response curves) (as illustrated in Fig.  1 ). Epinephrine caused a marked increase in perfusion pressure and a distinct release of prostaglandinlike substance (19 ± 4 ng. Table 1) , when it was injected through the kidney. The superfused assay organs were constantly exposed to indomethacin; therefore, release of prostaglandinlike substance could only arise from the perfused rabbit kidney. In addition, the assay organs were constantly exposed to adrenergic blocking agents (both alpha-and beta-receptor blockers); therefore, epinephrine could not exert any direct effects on the assay tissues. Rat colon strips, which are sensitive to PGF 2a showed little or no response to renal venous effluent from rabbit kidneys treated with either ATP or epinephrine. Preinfusion of the kidneys with either dipyridamoile or quinidine did not markedly alter the release of prostaglandinlike All values are means ± SE. ATP (5X10 7 moles) and epinephrine (5x10 7 moles) were administered as bolus injections (50 ^liters) into the Krebs-Henseleit solution as it entered the kidney. The pretreatments were continuously infused into the kidney for at least 15 minutes before challenging with either ATP or epinephrine. In any given experiment, the agonists were tried alone as well as with one of the pretreatment infusions. APP = change in perfusion pressure, and PLS = prostaglandinlike substance appearing in the renal venous effluent calculated from contractions of the chick rectum and the rat stomach strip compared with contractions of these organs induced by standard prostaglandin as previously described (13) . Numbers in parentheses indicate the number of isolated rabbit kidneys tested. 5 Kindly supplied by Upjohn.
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substance by ATP. Quinidine decreased the renal constriction and the release of prostaglandinlike substance induced by epinephrine; however, the quinidine response was completely reversible. Indomethacin, which blocks prostaglandin biosynthesis (10), abolished ATP-or epinephrine-induced release of prostaglandinlike substance (Table 1).
PROFILE OF PROSTAGLANDIN RELEASE FROM PERFUSED ORGANS
ATP and ADP (5 X 10" 7 to 5 X 10~6 moles) were potent stimulators of prostaglandin biosynthesis in a wide variety of organs perfused with Krebs solution including the rabbit spleen, rabbit kidney, rabbit heart, rabbit spleen fat pad, rat liver, and rat lungs ( Table 2 ). In each case, the release of the prostaglandinlike substance was completely blocked by indomethacin. ATP and ADP were the only compounds tested that released prostaglandinlike substance from all these organs. 5'-Adenosine monophosphate, adenosine, cyclic 3', 5'adenosine monophosphate, and guanosine triphosphate were inactive as releasers of prostaglandinlike substance at one hundred times the effective molar concentration of ATP.
Some restraints arise when the release of prostaglandinlike substance from isolated perfused rat livers or rat lungs is considered. These two organs elicited a greater variability than that which occurred with other tissues, and there were occasional preparations in which there was no release of prostaglandinlike substance regardless of the stimulus. The lungs released prostaglandinlike substance when ATP was injected into the Krebs solution as it entered the pulmonary artery. The only other stimulus which caused release of prostaglandinlike substance in the lung experiments was inflating and deflating the lungs several times.
Angiotensin II stimulated release of prostaglandinlike substance from the perfused kidney, spleen, spleen fat pad, and liver ( Table 2 ). Angiotensin has also been demonstrated to release prostaglandinlike substance from arteriolar vascular smooth muscle of the perfused rabbit mesenteric bed (14) . However, angiotensin does not release prostaglandinlike substance from the coronary or the pulmonary circulation ( Table 2 ) or from skeletal muscle or cutaneous vasculature (measuring the appearance of prostaglandinlike substance in dog femoral venous blood following angiotensin infusion into the femoral artery [15] ).
Ischemia was not a universal stimulus for release of prostaglandinlike substance from perfused organs ( Table 2 ). Adenosine has been implicated in autoregulation, but in these experiments even high concentrations (up to 10~5 moles) did not enhance prostaglandin biosynthesis.
Discussion
It has been proposed that purine nucleotides have a physiological role in the regulation of blood flow in the coronary arteries (16, 17) . Adenosine appears in coronary sinus blood during reactive hyperemia in the dog heart (18) . Recently, Her- 
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The positive (+) results indicate the release of prostaglandin in amounts (10 ng or more) which can readily be detected with the superfused assay tissues. The experiments were performed separately with perfused organs from at least five animals. Negative (-) results indicate no detectable prostaglandin release, whereas ± indicates variable results. The stimulation conditions are those listed in the table with the following exceptions. The stimulus parameters required in heart were: ATP or ADP 5 X 10~7 moles, ischemia 8 minutes (5 out of 11 preparations released prostaglandinlike substance, but no prostaglandin release was induced by angiotensin (up to 10~7 moles) or epinephrine (up to 5 x 10~6 moles). The spleen fat pad required: ATP or ADP 5 X 10~7 moles, angiotensin 10~9 moles; epinephrine induced no response at 5 x 10~6 moles. Rat liver required: ATP 10~6 moles, epinephrine 2 x 10~6 moles', angiotensin 5 x 10~9 moles, and ischemia 8 minutes (only 4 out of 7 preparations responded with prostaglandin release). Rat lungs responded only to ATP 10~6 moles. bacyzynska-Cedro and Vane (19) have demonstrated that autoregulation in the kidney is associated with elevated prostaglandin levels and that renal reactive hyperemia is abolished by indomethacin. The current investigation demonstrated that adenine nucleotides were potent stimulators of prostaglandin release in a number of critical organs. Recently, preliminary data have been presented indicating that PGE and PGA are released from the coronary circulation of the dog during postocclusion reactive hyperemia (20) . We demonstrated that ischemia or ATP caused prostaglandin release from isolated perfused rabbit hearts and that indomethacin abolished the ATPinduced coronary prostaglandin release and markedly decreased the ATP-induced coronary vasodilation (21) . The injection of PGE, into Krebsperfused isolated guinea pig hearts results in increased coronary flow and a fourfold increase in the concentration of adenosine in the perfusate (22) . The possibility emerges that these agents (i.e., adenine nucleotides, adenosine, and prostaglandins) working in concert are the controlling influences in autoregulation.
Some recent reports have associated adenine nucleotides with prostaglandin release. Platelet prostaglandin synthesis may be involved in ADPinduced aggregation (23) . ADP has also been shown to enhance the formation of PGE, in rat brain homogenates, but ATP inhibits the formation of PGE 3 (24). Malik and McGiff (25) have demonstrated that ATP and ADP inhibit adrenergic transmission in isolated perfused rat mesenteric arteries. Their data can possibly be explained by our demonstration that adenine nucleotides enhance prostaglandin biosynthesis (Table 2) , since prostaglandins have been demonstrated to inhibit the release of norepinephrine from adrenergic nerve terminals (26).
ATP and ADP may prove to be useful tools in establishing the ability of an organ, a tissue culture, or a body region to synthesize and release prostaglandins.
